In aircraft assembly, frames are usually used as the skeleton shape benchmarks of a fuselage panel to locate other parts accurately, thereby coordinating the relative position relationships between each part. In order to guarantee the assembly quality, a methodology for analyzing the effect of positioning errors of frames on fuselage panel assembly deformation is proposed. A finite element model of the fuselage panel is established first and then a mathematical model for representing the assembly deformation is derived. To contain more assembly deformation information, the optimal measurement point placement method is adopted to extract a set of finite element nodes as the measurement point locations from a large candidate set. Meanwhile, the mathematical relationship between the position errors of measurement points and the positioning errors of frames is also determined, which is then combined with the Monte Carlo simulation and the grey relational analysis to quantitatively analyze the impacts of the positioning error(s) generated by single or multiple frames on fuselage panel assembly deformation.
Introduction
In aircraft assembly, a fuselage panel is generally assembled by numerous parts according to the design criteria and technical requirements, and factors such as the environmental temperature, the non-nominal shape of parts, the non-nominal location, and deteriorated condition of tooling can cause the fuselage panel assembly deformation. Besides, some forces, for example, joining forces or internal stresses acting on the part can also generate adverse effect on fuselage panel. Since the stiffness of frames is commonly larger than that of other thin-walled components such as stringers, skins, and clips, aviation enterprises usually use frames as skeleton shape benchmarks and then adopt special assembly jigs to orderly locate and clamp other components in order to coordinate the relative position relationships exactly between each part and guarantee the dimensional integrity of the whole panel. Therefore, the positioning errors of frames can directly affect the overall assembly accuracy of the fuselage panel. In order to guarantee the panel assembly quality, it is essential to analyze the impacts of positioning error(s) generated by single or multiple frames on fuselage panel assembly deformation and provide guidelines for optimizing the panel assembly process.
Assembly deformation is one of the most important issues in the assembly of non-rigid components, especially in automobile and aerospace industries. Currently, the deformation analysis of non-rigid assemblies has attracted many researchers. Liu and Hu 1 first proposed the method of influence coefficient for variation ''stack-up'' analysis in sheet metal assemblies. Merkley 2 developed the theory and general methods for performing tolerance analysis on assemblies of compliant parts, where the tolerances must account for allowable assembly stress and fit. Camelio et al. 3 extended Liu and Hu's approach to multi-station systems using state-space representation by incorporating sources of variation from parts, tooling, and their interactions. Yu et al. 4 presented a new variation model of compliant sheet metal assembly with consideration of material variation influence. For the purpose of reducing assembly deformation, diagnosing the sources of dimensional variation for compliant parts is also essential. Camelio et al. 5 presented a methodology to determine the optimal locations of sensors on the parts by applying the effective independence (EfI) method so that different diagnostic vectors can be distinguished from each other. Camelio and Yim 6 developed a method for the diagnosis of the variation contribution of assembly components using measurement data from the final assembled products in order to reduce assembly deformation. Up to now, most of the researchers are mainly concentrated on the automotive assembly field, while in the aircraft assembly domain, some researchers have also made efforts to study the assembly deformation of aircraft parts such as wing and fuselage. Liu et al. 7 established a wing panel assembly error transfer model. Saadat et al. [8] [9] [10] used the finite element (FE) method and experiments to predict wing box assembly variation and location geometric deformation, and they also developed a method to estimate the position errors encountered in the assembly of wing rib components. Cheng et al. 11, 12 established the variation model of aeronautical thin-walled structures with multi-state riveting. Bi et al. 13 proposed a method to predict and correct the assembly deformation of a large fuselage panel during digital assembly using an FE analysis and partial least squares regression method. Lin et al.
14 used unified substructures with consideration of identical parts to analyze compliant assembly variation of aeronautical panels.
For a fuselage panel, one of the most important factors that affect its assembly quality is the positioning accuracy of frames, which, unfortunately, has not been investigated deeply and widely. Besides, most of the researchers did not quantitatively analyze the impacts of the positioning error(s) generated by single or multiple key components, and most of the automotive parts or aeronautical panels are composed of different parts which cannot be identical with each other as mentioned in Lin et al. 14 Considering that the non-nominal location of frames is a primary variation source that can affect the fuselage panel assembly deformation, in this article, the fuselage panel assembly deformation induced by a certain individual frame is analyzed and compared, which can be adopted to determine the different importance of each frame according to actual assembly requirements. Besides, the effect of the positioning errors generated by multiple frames on the fuselage panel assembly deformation is also reflected, which, in turn, can better adjust and control the deviations of locator variation sources on frames. The format of the remainder of this article is organized as follows. In the next section, a fuselage panel FE model is created, whose boundary conditions are based on the ''N-2-1'' locating principle. 15 Following this, a model of the fuselage panel assembly deformation is established considering the positioning errors of frames. Next, the placement of measurement points is optimized based on the EfI method in order to cover more assembly deformation information. Then, the mathematical relationship between the position errors of the measurement points and the positioning errors of frames is determined, and the impacts of the positioning error(s) generated by single or multiple frames on fuselage panel assembly deformation is analyzed based on the Monte Carlo simulation (MCS) and the grey relational analysis (GRA). The MCS is always used to predict uncertainties in the ''real world.'' So, it may also be used to simulate tolerance stack-up in mechanical assemblies. The GRA is a data process method used to sort out the correlation extent of effect factors in a system with uncertain information. Finally, the last section concludes the article.
Fuselage panel modeling

FE model
As depicted in Figure 1 , to obtain the optimal placement of the measurement points, a detailed FE model of a fuselage panel selected from a military transport plane is established by ABAQUS. 16 Parts such as frames, skin, and stringers are modeled by C3D8I elements, which are enhanced by incompatible modes to improve the bending behavior and eliminate artificial stiffening due to Poisson's effect in bending. Besides, only one element layer is meshed in the thickness direction of each component. Seven frames (I, II, ., VII) are distributed along the y direction, and eleven stringers along the circumferential direction are indexed from A to K.
Components of the fuselage panel are usually connected by rivets and bolts, which can keep the position relationships between each part unchanged. Tie constraints are used so that there is no relative motion between each component. Shim material is not considered because the FE model is established according to the theoretical model, and no gap will be generated. Similarly, the main role of sealant material is to guarantee the air tightness, and it cannot strengthen the structural intensity, so the FE model does not also contain sealant material.
The material of the skin is 2024-T4 with Young's modulus 73 GPa and Poisson's ratio n = 0.33, and the material of frames, stringers, and clips is 7050-T7651 with Young's modulus 72 GPa and Poisson's ratio n = 0.33. 17 The main geometric parameters of the panel are listed in Table 1 .
Boundary conditions
In traditional assembly, parts are usually located according to the ''3-2-1'' principle. 18 However, since thin-walled parts are prone to bending and buckling, constraining the rigid body motion (i.e. 6 degrees of freedom (DOFs)) by the ''3-2-1'' principle is not sufficient. Therefore, the fixturing system for thin-walled parts generally requires N . 3 locators on its primary datum, where N is determined by the dimensional specification of the part. It can also be shown that exactly two locators on the secondary datum and one on the tertiary datum are needed, respectively, to determine the part uniquely.
According to the dimension of the fuselage panel, six locators are used to restrain the out-of-surface motion and excessive deformation. Locators are the same as rigid point contacts which can constrain any one or more of the 6 DOFs of frame parts at contact points. From this perspective, in assembly simulation model, locators can be regarded as mechanical stops to achieve corresponding DOF constraints in the element coordination systems. As can be seen from Figure 2 , locator 1 Table 2 , where d is the distance between two neighboring frames (see Table 1 ), and p is an integral number ranging from 1 to 7, which corresponds to the frame index.
Modeling fuselage panel assembly deformation
Supposed that the data from m measurement points compose the assembly deformation of the fuselage panel
, and U = ½u 1 , . . . , u r T denotes the frames' positioning errors, where u i (i = 1, 2, . . . , r) denotes the positioning errors induced by the ith locator variation source, r is the total number of locator variation sources, and, in this article, r = 63. Therefore, u i (i = 1, 2, 3) denotes the positioning errors generated in the x, y, and z translational directions of the first locator on the first frame separately, u i (i = 4, ., 7) are the positioning errors generated in the translational direction of the locators 2-5 separately, u i (i = 8, 9) are the positioning errors generated in the y and z translational directions of the sixth locator separately, and so on. Then, the mathematical relationship between V and U can be expressed as follows 
where D 3m 3 r is the sensitivity matrix, and the elements of the sensitivity matrix, d 3i22, j , d 3i21, j , and d 3i, j measure the sensitivity of the fuselage panel at the ith measurement point response to a unit displacement of the jth locator variation source, which can be calculated by the FE simulation, for example, the first column of D can be extracted from the deformation as shown in Figure 3 . w is a noise vector, which is assumed to have a Gaussian distribution with zero mean and covariance matrix c = s 2 w Á I. In other words, w assumes independent with equal variances. The variance of the noise in the system is assumed to be known. It can be estimated from measurements under an in-control condition.
If it is necessary to improve the proposed method, other deformation patterns caused by factors such as gravity and environmental temperature can also be further introduced conveniently into the method using FE modeling.
Optimal measurement point placement
Generally, the assembly deformation T can be measured by an optical coordinate measuring machine such as laser tracker. To cover more assembly deformation information, the placement of the measurement points on the fuselage panel should be optimized first. Applying the least squares method to equation (1) yieldsÛ
whereÛ is U's estimate. To solve equation (2), D should be a full-rankness matrix.
As can be seen from equation (2), the best set (say, set O) of the measurement points from the initial candidate measurement point set (say, set C) should minimizeÛ for the best estimator
Equivalently, equation (4) can be used to evaluate the estimate error ofÛ, defined as
where E½Á denotes the expected value of the quantity in the brackets, c is the covariance matrix of w. Assume that the noise at different measurement points is uncorrelated and possess the same variance s 2 w . Then, equation (4) can be further denoted as
where Q is usually called the Fisher information matrix (FIM). To minimize the estimate error ofÛ and achieve the best unbiased estimator, |Q| should be maximized.
According to the FE model, each column vector d i of initial D 3m 3 r can be achieved by imposing a unit displacement load on the corresponding locator variation source, then the procedures of the EfI method for optimizing the measurement point placement are as follows: 21 Step
Step 2. Assume that the eigenvector matrix and the eigenvalue matrix of Q are G and L, respectively, then the ranking matrix F which is used to the information available in D for measurement point placement can be obtained as follows
where the symbol '' '' represents element-by-element matrix multiplication.
Step 3. Each row of F indicates the ranking of a measurement point. For ranking the measurement point locations, calculate the summation of the corresponding row that indicates the EfI of each measurement point in C in order to rank the measurement point locations
where E EfI is the effective independence matrix.
Step 4. Search the element whose effective independence E EfI_k is the least among all candidate measurement points
Step 5. Remove the kth measurement point from C and delete the rows from 3k22 to 3k in D.
Step 6. If the number of the measurement points remained in C has been reduced to the desired number m (3m ! r), then stop the iterative calculation and output the final results. Otherwise, return to Step 1.
To gain the optimal measurement point placement on the fuselage panel, the FE nodes are used as measurement points. Considering that it is impossible and impractical to select all nodes of the FE model as measurement points, in this article, partial nodes on each frame are chosen to compose the set of the initial candidate measurement points.
As can be seen from Figure 4 , the lateral surface of the frame is 64 mm in width, and the distance between two neighboring nodes along the circumferential direction is 36 mm. To make a trade-off between economy and accuracy, 237 candidate nodes are selected from a frame part; thus, the set C of the initial candidate nodes contains 1659 nodes, whose indices in the FE model are 240381 I -240617 I , 242163 II -242399 II , 243945 III -244181 III ,  245727 IV -245963 IV , 247509 V -247745 V , 249291 VI -249527 VI , and 251073 VII -251309 VII , respectively.
The number of locator variation sources in the model is r = 63, so the number of measurement points to be placed on the fuselage panel should not be less than 21. In this article, 48 measurement points are selected to evaluate the assembly variation of the fuselage panel. Applying the optimal measurement point placement method, the 48 measurement point locations can be obtained, and the final sensitivity matrix D 144 3 63 is also determined. As listed in Table 3 , the numbers of the measurement points distributing on the frames indexed from I to VII are 2, 1, 7, 15, 12, 6, and 5, respectively. Substituting D 144 3 63 into equation (1), the mathematical relationship between the position errors of the measurement points and the positioning errors of the frames is established finally.
Assembly deformation analysis
Theoretically, more historical data are needed in order to get better modeling accuracy. However, in aircraft assembly processes, due to the long-period assembly cycle and limited sorties, it is difficult to obtain many historical data in the short term. Therefore, the MCS is adopted to achieve more data. The MCS is widely used in many scientific and engineering applications. The MCS for variation simulation is achieved through a total number of n deterministic simulations, where n is the sample size. Normally, n is a large number in order to ensure the accuracy of the simulation results. Besides, the confidence intervals for output in the MCS can also be estimated. However, too many data will make it difficult to analyze and compare the fuselage panel assembly deformation induced by a certain individual frame, so instead of using the EfI method, [22] [23] [24] the GRA is adopted to establish an evaluation criterion, which can be used to determine the different importance of each frame.
Based on the experience of some relevant assembly workers who longtime engage in fuselage panel assembly, the locator variation sources on each frame in the x, y, and z directions are supposed to follow the normal distributions (20.008, 1. , respectively. Different hypothetical values will generate different analytical results, but the method proposed in the article is feasible to any set of data. The MCS-based method is adopted to generate the stochastic sample data A = ½U 1 , U 2 , . . . , U n , where U i = ½u i, 1 , . . . , u i, r T , and n is the sample size, that is, running the MCS n times. The MCS-based method for the variation simulation is achieved through a total number of n deterministic simulations. Through Table 3 . Optimal measurement point placement results.
No.
Coordinates (x, y, z) (mm) No.
Coordinates (x, y, z) (mm)
substituting A into equation (1),
T . Assume that the theoretical coordinates of the measurement points are X o = ½X o1 , . . . , X om , where X ok = ½x ok , y ok , z ok T , and m is the number of measurement points, for the jth run of the MCS, the actual coordinates of the measurement points can be denoted as
where X ak, j = ½x ak, j , y ak, j , z ak, j T , then a least squares relationship between X o and X a,j can be established as follows
where R j is a 3 3 3 rotational matrix, which can be divided into three orientation angle deviation parameters, namely, the roll angle R a,j , pitch angle R b,j , and yaw angle R g,j , while t j = ½t x, j , t y, j , t z, j T is a position deviation matrix. The solution to equation (11) can be referred to the literature. 25 For the n runs of the MCS, the posture deviation matrix induced by the ith frame can be denoted as 
To analyze and compare the fuselage panel assembly deformation induced by a certain individual frame, the GRA proposed by Deng 26 is adopted. Theoretically, the posture deviation in the x direction is 0, so W x, 0 = ½e x , . . . , e x n 3 1 is defined as the reference sequence, where e x is a value which is infinitely close to zero, and W x = ½e
T is defined as the comparative sequence, then the steps of the GRA are as follows:
Step 1. Initialize W x, 0 and W x as
x direction more effectively than other frames, and if the position deviation of the fuselage panel in the x direction is the most important precision index, it is necessary to assure the positioning accuracy of frames according to the grey relational order of g x, i (i = 1, 2, . . . , 7). From Figure 5 , other two grey relational orders g y,1 .g y, 5 .g y, 4 .g y, 6 .g y,7 .g y,2 .g y, 3 and g z, 5 .g z, 4 .g z, 7 .g z, 1 .g z, 3 .g z, 2 .g z, 6 can also be obtained, which can be used as the guidelines to guarantee the position accuracy of the fuselage panel in the directions of y and z, respectively. Similarly, Figure 6 illustrates the grey relational grades g a,i , g b,i , and g g,i . The grey relational orders are g a, 1 .g a,7 .g a,4 .g a,6 .g a,2 .g a,5 .g a, 3 , g b,1 .g b,7 . g b, 5 .g b, 4 .g b, 6 .g b,2 .g b, 3 , and g g, 7 .g g,1 .g g, 5 .g g, 6 . g g, 3 .g g,2 .g g, 4 , respectively. It can be concluded that the positioning error of frame I are the most important factors to guarantee the orientation angle deviations of the roll angle and pitch angle, while the positioning error of frame VII are the most important factors to guarantee the orientation angle deviation of the yaw angle.
The GRA points out that the positioning errors of different frames can affect the fuselage panel assembly deformation in different extent, and it is necessary to comply with actual assembly requirements in order to determine the different importance of each frame. Besides, above analysis is carried out only considering the influence generated by the positioning error of a certain individual frame, analyzing the fuselage panel assembly deformation induced by the positioning errors of all frames at the same time is also important, which can further determine the confidence intervals for the mean values and standard deviation values of posture parameters.
To express the posture intuitively,
T is employed to denote the posture parameters, where f 1 , f 2 , and f 3 are defined as the position deviations, respectively, while f 4 , f 5 , and f 6 are defined as the orientation angle deviations, respectively. Assume that the component f i follows the normal distribution (m i , s u=2, nÀ1 is the percentage point of the chi-square random variable with n 2 1 DOFs such that the probability that x 2 nÀ1 exceeds this value is 1 À u=2 or u=2. Based on equation (18), the confidence interval of 3s i can be determined by three times the square roots of equation (18) ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Similar to the true variance, the confidence interval for the mean of the component f i can also be estimated. Denote f i as the mean for the component f i , then the 100%(1 À u) confidence interval of the true mean m i is
where t u=2, nÀ1 is the upper u=2 percentage point of the Student's t distribution with n 2 1 DOFs. For the MCS, the t distribution converges to the normal distribution. Therefore, for engineering purposes, the confidence interval in equation (20) can be simplified by substituting t u=2, nÀ1 with z u=2 , where z u=2 is the upper u=2 percentage point of the standardized normal distribution.
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A confidence interval is always calculated by first selecting a confidence level, which is a measure of the degree of reliability of the interval. Generally, the higher the confidence level, the more strongly we believe that the value of the parameter being estimated lies within the interval. In this article, a 95% confidence level is adopted for both the true m i and 3s i , namely, the value of u is 0.05, and the confidence intervals of m i and 3s i of the component f i after the 2000 runs of MCS are listed in Table 4 .
Besides, as can be observed from equations (19) and (20) , both confidence intervals of m i and s i of the component f i are narrowed by the sample size n, that is, the larger the sample size n, the more narrow the confidence intervals. When n is large enough, m i , as the same as 3s i , will be converged to a constant value. Meanwhile, the mean values and variance values of the position errors of measurement points are also determined, which are described in Figures 7-9 . Note the measurement point IDs 1, ., 46 correspond to the nodes 240538, ., 251307 in Table 3 . As can be seen from Figures 7-9 , with the increase in the sample size from 100 to 6400, the confidence interval lengths are gradually shortened, which indicates the good convergence behavior of the MCS. On one hand, through the MCS, the true mean values and variance values of the positioning errors of measurement points can be estimated, which reflect the effect of the positioning errors generated by multiple frames on the fuselage panel assembly deformation. On the other hand, the results estimated by the MCS can guide designers to further adjust and control the deviations of locator variation sources on frames.
Conclusion
In the large aircraft assembly process, one of the most important preconditions to guarantee the assembly accuracy is to control the fuselage panel assembly deformation, while in the subassembly processes, frames are usually used as the skeleton shape benchmarks of the fuselage panel to locate other parts accurately, so their positioning errors are the primary factors that affect the fuselage panel assembly deformation, and the impacts of the positioning error(s) generated by single or multiple frames on the overall assembly deformation of the fuselage panel are quantitatively analyzed in this article. The major conclusions can be described as follows:
Since the fuselage panel assembly deformation is usually represented by the position errors of There are many factors that can cause the fuselage panel assembly deformation, such as the environmental temperature of the assembly workshop, the nonnominal shape and size of parts, the non-nominal location and deteriorated condition of tooling, and imperfect joining. Each error source will lead to a different degree of deformation and ultimately affect the whole aircraft assembly quality. This article analyzes the fuselage panel assembly deformation only considering the positioning errors of frames, while other error sources that impact the panel assembly quality are also worthy of in-depth study.
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